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As more and more accurate density functional methods emerge, the transferability of Brønsted-
Evans-Polanyi (BEP) relationships obtained with previous models is an open question. In this 
work, BEP relationships derived from different density functional theory based calculations are 
analyzed to answer this question. In particular, BEP relationships linking the activation energy of 
O–H bond breaking reactions taking place on metallic surfaces with the adsorption energy of the 
reaction products are chosen as case study. These relationships are obtained with the widely used 
Perdew-Wang (PW91) Generalized Gradient Approximation (GGA) exchange-correlation 
functional and with the more accurate meta-GGA Tao-Perdew-Staroverov-Scuseria (TPSS) one. 
We provide compelling evidence that BEP relationships derived from PW91 and TPSS 
functionals are essentially coincidental. This finding validates previously published BEP 
relationships and indicates that reaction activation energy barrier can be obtained by the 
determination of the energy reaction descriptor value at the less computationally demanding 
GGA level; an important aspect to consider in future studies aimed at the computational design 
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Research in heterogeneous catalysis is being greatly assisted by computational methods 
aimed at a rational design of catalysts with improved characteristics for a specific reaction.1-3 
Valuable information that is not easily experimentally obtained can be retrieved from 
computational results such as the determination of most keen catalyst reactive sites, the 
unfolding of reaction mechanisms, and the overall reaction energetics. When combined with 
experimental evidences, the computational data may be also used to understand the effects of the 
catalyst structure and composition in its reactivity.2-35 Among the different classes of theoretical 
methods that have been used so far in heterogeneous catalysis, those based on Density 
Functional Theory (DFT) are the most used because of their good ratio between results quality 
and computational expenditures.1 Such approaches have been shown to provide a very good 
description of the thermodynamics and kinetics of a particular reaction occurring on a specific 
catalyst.6 
When compared with the determination of the thermodynamic energy profile for a 
specific reaction, obtaining kinetic data is computationally expensive and challenging since it 
involves the location of the Transition State (TS) structure corresponding to each elementary 
reaction step. This process needs to be repeated for all elementary steps involved in the full 
reaction path. The difficulties associated with the determination and characterization of TS 
structures can be circumvented with the usage of Brønsted-Evans-Polanyi (BEP) 
relationships,1,7,8 linearly relating the activation energy of a reaction, i.e., the quantity difficult to 
obtain, with a descriptor more easily calculated, in this case, either the reaction energy (classical 
BEP) or the adsorption energy of a species involved in the reaction. Some relevant examples 
reported in the literature of BEP relationships based on extensive sets of DFT calculations 
concerning the adsorption and reaction of molecules on metal surfaces are those due to 
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Pallassana and Neurock for ethylene (de)hydrogenation,9 to Nørskov et al. for the dissociation 
reactions of N2, O2, CO, and NO diatomic molecules,10 and Loffreda et al. for the hydrogenation 
of unsaturated aldehydes.11 These BEP relationships have spread beyond metal substrates going 
for oxide and carbide compounds.12,13 
From the computational point of view, and when comparing to the energy of reaction, the 
adsorption energy of a specific species is a more interesting descriptor simply because the 
calculation of the reaction energy nurtures from knowing the reaction path which, in turn, 
requires determining the structures and energies of both adsorbed reaction reagents and products. 
Thus, BEP relationships anchored on quantities easily calculated, e.g., the adsorption energy of a 
species involved in the reaction, are more interesting for practical screening purposes. We have 
been previously deeply involved in the determination of BEP relationships based on these 
descriptors, especially for the exemplary O-H bond dissociation in water, methanol, and ethanol 
on metal based surfaces and nanoparticles,4,5,14-16 and found that the adsorption energy of a simple 
species, e.g. an oxygen adatom, can be an interesting descriptor.14 Unfortunately, for a BEP with 
more universal characteristics for a specific reaction,17 the latter descriptor is not useful because 
the activation energy predicted by the relationship would be the same for any molecule on the 
same catalyst surface model.17 Thus, for reaching such a generic behavior, the descriptor must be 
related with the structural specificities of the molecules that are reacting on the catalyst surface. 
Based on energetic data obtained with the Perdew-Wang (PW91)18 exchange-correlation 
functional, within the Generalized Gradient Approximation (GGA), Fajín et al. found that the 
adsorption energy of the reaction products was an adequate descriptor for the O-H bond 
dissociation reactions of different molecules on several different metal based catalyst models.17 
The same authors found that the activation energy barrier for H2O dissociation on Cu(111) 
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calculated with the PW91 and the Perdew-Burke-Ernzerhof (PBE)19 functional are very similar 
with values of ~0.92 and 0.93 eV,20 respectively. This values are in satisfactory agreement with 
the experimental value (0.74 eV),21 based on the apparent activation energy for the water gas 
shift reaction on the Cu(111) surface. In a similar way, Mohsenzadeh et al.22 estimated the 
activation energy barriers for the water molecule dissociation on Ni(100), Ni(110), and Ni(111) 
using the adsorption energy calculated with PBE for co-adsorbed OH and H on the 
corresponding Ni surfaces, and the BEP equation reported by Fajín et al.17 derived from PW91 
and found that the estimated values differed by less than 0.06 eV. Nevertheless, both PW9118 and 
PBE19 stem from the GGA approach, both methods are functionals from the second rung of 
Jacob’s ladder of DFT approximations to the exchange-correlation energy6,23 and, hence, these 
findings are not unexpected. As more and more accurate exchange-correlation functionals of 
different types are emerging aimed at improving the description of energy related properties in 
molecular systems24 one may wonder whether the information extracted from less accurate DFT 
methods remains valid. In other words, are PW91 BEP relationships transferable? Is PW91 able 
to cope with descriptors calculated with other levels of theory? This question is pertinent since 
GGA type functionals are known to perform very well for metallic systems25 but are known to 
have problems in accurately describing the thermochemistry of molecular systems.26 
Among the different density functionals beyond GGA, those belonging to the meta-GGA 
and to the Non-separable Gradient Approximation (NGA) have been suggested to be promising 
for the description of metallic systems. In fact, recent studies focused in the calculation of bulk 
properties of the three series of transition metal systems with different DFT functionals27 showed 
that the Tao−Perdew−Staroverov−Scuseria (TPSS)28 and the local Minnesota 06 (M06-L)29 
meta-GGA functionals, and the local Minnesota 12 (MN12-L)30 meta-NGA functional, have an 
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accuracy similar to that demonstrated by PBE for bulk properties of transition metal systems.31 
Since the meta-GGA functionals are found to provide better molecular properties than the GGA 
ones for systems containing main group elements,32-35 approaches such as TPSS and M06-L 
appear to be very convenient for properly describing the interaction of molecules with solid-state 
systems containing transition metals. In fact, recent studies suggest that M06-L is an interesting 
approach for such kind of calculations,36-38 plus both TPSS and M06-L functionals do rather 
accurately describe core level binding energy of main group elements.39,40 In clear contrast, hybrid 
density functionals, broadly used to describe molecular systems,26 are not suitable to describe the 
chemistry of molecules at metallic surfaces because i) when combined with plane wave basis 
sets, they originate a singularity that slows down the convergence with the density of k-points in 
the reciprocal space,41 and ii) provide a poor description of bulk metals.27 
From the discussion above we can surmise that the TPSS functional is a good 
compromise when aiming at simultaneously describing molecules and metallic surfaces. To 
further proof this hypothesis here we study the validity of previously derived BEP relationships17 
by computing at the TPSS level the adsorption and co-adsorption energy as well as activation 
energy barriers for O-H bond cleavage of a series of molecules above a broad number of metallic 
surfaces. Water (HO-H), methanol (CH3O-H), and ethanol (CH3CH2O-H) molecules are selected 
as examples of RO-H compounds. The O-H dissociation on these compounds is studied on metal 
surface catalyst models that showed high, moderate, and low activity towards the breakage of the 
O-H bond, as shown in Ref. 17. More precisely, Cu(110), Cu(111), Ir(111), Pd(111), Rh(211), 
and Au(111) surface slabs were used for water, Cu(110), Ir(111), Pd(111), Rh(211), Ni(111), 
Ag(110), and Pt(111) for methanol, and the Cu(111) surface was used for ethanol. To this end 
TPSS calculations have been carried out for the determination and characterization of the initial 
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(molecular ROH adsorption), final (adsorption of the separated RO· and H· fragments), and 
transition (energy of the transition state structure associated with the cleavage of the RO-H bond) 
states for the generic reaction: 
RO-H (ads)  →  RO· (ads)  +  H· (ads)    (1) 
at the considered (110), (111), and (211) surfaces of several transition metals. Possible 
adsorption sites are shown in Figure 1 and selected structural and energetic parameters for each 
of the three states are reported in Tables 1, 2, and 3, respectively. 
As can be seen in Table 1, the preferred adsorption sites predicted by TPSS and PW91 
are the same and nearest-neighbor distances calculated for the molecular adsorbates are very 
much close, with deviations of 0.05 Å in average. The largest difference is found for methanol 
adsorption on Pt(111) with a difference of 0.12 Å. These differences are also reflected in the 
values of the adsorption energy (𝐸!"#! ), calculated as: 
𝐸!"#!  = 𝐸!"#$!!"#!  – 𝐸!"#$!  – 𝐸!"#!      (2) 
where 𝐸!"#$!!"#! , 𝐸!"#$! , and 𝐸!"#!  denote the total energies incorporating Zero Point Vibrational 
Energy (ZPVE) corrections of the adsorbate-slab system (molecular and dissociated for initial 
and final states, respectively), of the bare metal slab, and of the adsorbate isolated in the gas-
phase, respectively. The separate analysis of the adsorption energies calculated for the three 
molecular adsorbates shows that TPSS values are systematically less negative (0.15 eV in 
average) than those calculated with PW91 in the case of water, very similar in the case of 
methanol (maximum difference of 0.04 eV), and more negative in the case of ethanol (0.14 eV). 
The interaction energies for the products of the reactions of water, methanol, and ethanol O-H 
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bond dissociations on the different metal surfaces are reported in Table 2. Again, with a few 
exceptions only, the co-adsorption energies, adsorption sites, and oxygen to surface distances 
calculated with the TPSS and PW91 functionals are very similar. Still, in general, the co-
adsorption energies calculated with the meta-GGA approach are systematically lower (more 
favorable adsorption) than those computed with PW91, of 0.10 eV in average, being the co-
adsorption energy of the products of the water dissociation on Rh(211) the exception. The most 
significant energy (0.2 eV) difference is found for the interaction of the methanol dissociation 
products, e.g. co-adsorbed methoxy and hydrogen species, on the Pd(111) surface. 
The calculated activation energy barriers and the reaction energies for the O-H bond 
cleavages in water, methanol, and ethanol on the considered surface models are given in Table 3, 
together with selected parameters for the transition states connecting the initial and final state 
configurations found on each surface. The activation energy barriers (𝐸!"#! ) were calculated as the 
difference between the TS energy and that of the initial state, the latter corresponding to the most 
stable configuration for adsorbed reactants. From Table 3 it appears that the TPSS calculated 
activation energy barriers are lower than those obtained with PW91, with a single exception; the 
dissociation of the O-H bond in ethanol on the Cu(111) surface, but where it is larger by only 
0.02 eV. The decrease in the activation energy barriers on going from GGA to meta-GGA are 
more noticeable in the cases of water dissociation on Pd(111) and Au(111), by 0.1 eV. In the 
remaining cases, i.e., water dissociation on Ir(111) and methanol O-H bond breaking on the 
seven surfaces considered, the differences between TPSS and PW91 energy barriers are more 
modest (cf. < 0.1 eV). In the TS structures, the length of the O-H suffering cleavage is slightly 
more elongated when the dimer approach is used with the PW91 method than when combined 
with the TPSS functional. Finally, the reaction energies calculated with the TPSS density 
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functional are more negative than those obtained with PW91 by ~0.2 eV. This behavior is 
expected because, as found previously,4,5,14-17 reactions thermodynamically more favorable have 
associated smaller activation energy barriers. Aside, the stronger attachment of dissociated states 
at TPSS level implies de facto a reaction energy barrier lowering. Here it is worth to stress out 
that the stronger attachment by TPSS compared to PW91, and so, the reaction energy barrier 
lowering, implies that the transition state theory (TST) derived rates predicted by TPSS are 
generally larger than the ones obtained by PW91. In average terms, this implies that the TST 
rates from TPSS calculations are in between half and one order of magnitude larger than the ones 
obtained by PW91, and so, this has to be kept in mind when dealing with kinetic aspects. 
However, such a feature does not affect the BEP relationships, as shown below. 
Plotting the activation energy barriers against the adsorption energies of the products 
evidences a noticeable correlation as clearly seen in Figure 2 and already commented in previous 
work. However, Figure 2 introduces a very important feature. For the two different sets of 
adsorption and activation energies obtained from TPSS and PW91 calculations, the separate 
regression analyses point to a very similar dependence of the two quantities. Consequently, one 
can surmise that the emerging relationship is not only general for reactions at metallic surfaces 
involving the dissociation of the O-H bond of adsorbed molecules,17 but that it is also 
independent of the computational approach, thus having an universal character. In other words, 
climbing rungs on the DFT Jacob’s ladder does not invalidate conclusion from BEP relationship 
established from less accurate functionals. This is a very relevant conclusion since it validates 
previous studies while paving the road for a practical computational screening of metal-based 
surfaces for catalytic applications at more affordable computational levels and for a rational 




All the DFT calculations were performed with the VASP 5.3 computer code42-44  using 
the TPSS meta-GGA density functional.28 The comparison is made with results from previous 
calculations employing the PW91 functional.17 The valence states were described by a plane 
wave basis set with a cutoff of 415 eV for the kinetic energy while the effect in the valence 
electronic density of the core electrons was taken into account using the projected augmented-
wave (PAW) method as implemented in VASP.45,46 The numerical integration in the reciprocal 
space was done considering a 7×7×1 Monkhorst-Pack grid of special k-points47 and the ions 
were relaxed using a conjugate-gradient algorithm.  
The dimer approach48 was considered in the search of transition states (TS) structures 
applying very strict convergence criteria (10-6 eV for the total energy change and 10-3 eV/Å for 
the forces acting on the ions), which is necessary to avoid the algorithm stopping at local 
minima, being this especially important in the case of calculations involving stepped surface 
models —e.g. (211) Miller index models—. The TS structures obtained were confirmed by a 
vibrational frequency analysis where it is obtained a single imaginary frequency in the normal 
mode driving toward products. 
The metallic surfaces, namely, Ag(110), Au(111), Cu(110), Cu(111), Ir(111), Ni(111), Pd(111), 
Pt(111), and Rh(211) are represented in this work by periodic slab models with the repeated 
slabs separated, as usual, with a vacuum region of ∼10 Å, which is large enough to avoid 
interactions with neighboring replicas. The slab models for the (111) and (110) Miller index 
surfaces are 2×2 representations of the unit supercell, while a 2×1 representation is considered 
for the (211) Miller index surface. The slab models have a thickness corresponding to four 
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atomic layers. The lattice vectors for each bulk metal were optimized using the same 
computational approach as common practice. 
By applying also the same computational setup, the most stable adsorption geometries for 
water, methanol, or ethanol as well as for the corresponding dissociation products were obtained 
by full relaxation of the adsorbate(s) atomic positions and of two top metallic layers, while the 
two bottom metallic layers were kept frozen to simulate the bulk metal, i.e. 2+2 approach. 
Adsorption and activation energies were ZPVE corrected according with the harmonic 
oscillator approach and considering the vibrational frequencies calculated. We also made an 
estimation of the rates (k) for the reactions studied using the equation below derived from 
transition state theory (TST),49 
      (3) 
where q≠ and q are the vibrational partition functions for the TS and IS, respectively, which have 
been approximated from the harmonic vibrational frequencies, kB is the Boltzmann constant, T is 
the absolute temperature, h is the Planck constant, and 𝐸!"#!  is the zero point corrected activation 
energy barrier. A temperature of T = 463 K, typical for the water gas shift reaction,50 was 
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Table 1. TPSS Calculated Adsorption Energies (𝐸!"#! , eV) and Distances (Å) for H2O, CH3OH, 
and CH3CH2OH on Several Metallic Surfaces. For Comparison PW91 Values Are Given in 
Parenthesis. 






-0.28 (-0.42) T 2.18 (2.19) 
Ir(111) -0.19 (-0.32) T 2.34 (2.38) 
Pd(111) -0.14 (-0.30) T 2.43 (2.45) 
Rh(211) -0.41 (-0.55) BS 2.29 (2.29) 
Au(111) -0.01 (-0.18) T 2.98 (2.90) 





-0.24 (-0.24) B 2.32 (2.33) 
Ni(111) -0.04 (-0.04) physisorbed 2.74 (2.67) 
Pd(111) -0.01 (-0.03) physisorbed 2.69 (2.58) 
Rh(211) -0.36 (-0.35) BS 2.38 (2.42) 
Ag(110) -0.12 (-0.15) B 2.71 (2.73) 
Ir(111) -0.02 (-0.04) physisorbed 2.90 (2.85) 
Pt(111) 0.00 (-0.04) physisorbed 2.95 (2.83) 
Cu(111) CH3CH2OH -0.32 (-0.18) T 2.51 (2.48) 
aNotation for adsorption sites (ROH species) is provided in Figure 1. Physisorbed state is 
used to denote methanol adsorption orientations with the hydroxyl hydrogen pointing to the 
surface. 






Table 2. TPSS Calculated Co-adsorption Energies (𝐸!"#$%! , eV) and Adsorbate to Surface 
Distances of the Co-adsorbed OH+H, CH3O+H, and CH3CH2O+H Species on Several Metallic 
Surfaces. For Comparison PW91 Values Are Given in Parenthesis. 






-0.42 (-0.38) B / C3 1.97 (1.97) 
Ir(111) 0.07 (0.11) B / F 2.18 (2.18) 
Pd(111) 0.07 (0.11) F / H 2.16 (2.17) 
Rh(211) -0.89 (-0.96) BS / BS 2.10 (2.10) 
Au(111) 1.50 (1.59) B / F 2.25 (2.27) 





-0.49 (-0.44) B / B 1.96 (1.95) 
Ni(111) -0.73 (-0.53) F / F 1.99 (1.98) 
Pd(111) -0.04 (0.17) F / F 2.15 (2.13) 
Rh(211) -1.12 (-0.96) BS / BS 2.07 (2.08) 
Ag(110) 0.39 (0.49) B / B 2.21 (2.22) 
Ir(111) 0.11 (0.25) B / T 2.17 (2.18) 





Cu(111) CH3CH2O+H -0.12 (-0.03) F / H 2.05 (2.04) 
aNotation for adsorption sites (RO / H species) is provided in Figure 1. 




Table 3. TPSS Calculated Activation Energy Barriers (𝐸!"#! , eV), Reaction Energies (𝐸!"#$%! , eV), 
and TST Rates (k, s-1) for the Reactions of O-H Bond Dissociation of Water, Methanol, and 
Ethanol on Several Metallic Surfaces. The Imaginary Frequency (ʋ, cm-1), and the Length of the 
O-H bond (dO···H, Å) in the Transition State Are Also Compared. For Comparison PW91 Values 
Are Given in Parenthesis. 
Surface Species 𝑬𝐚𝐜𝐭𝐨  𝑬𝐫𝐞𝐚𝐜𝐭𝐨  k (463 K) ʋ dO···H 
Cu(110) 
H2O 
0.52 (0.61) -0.14 (0.03) 4.5×106 (4.0×105) 1374 (1262) 1.40 (1.43) 
Ir(111) 0.65 (0.68) 0.26 (0.43) 3.4×105 (1.7×105) 836 (714) 1.50 (1.54) 
Pd(111) 0.86 (0.96) 0.21 (0.41) 6.9×102 (5.1×101) 616 (532) 1.64 (1.70) 
Rh(211) 0.66 (0.67) -0.46 (-0.41) 2.6×105 (1.2×105) 1129 (1086) 1.45 (1.47) 
Au(111) 1.78 (1.88) 1.51 (1.64) 6.4×10-9 (1.5×10-9) 381 (347) 1.98 (2.01) 
Cu(111) 0.88 (0.91) -0.04 (0.15) 3.0×102 (1.6×102) 1325 (1228) 1.43 (1.47) 
Cu(110) 
CH3OH 
0.42 (0.48) -0.25 (-0.19) 1.2×107 (6.3×106) 1310 (1215) 1.42 (1.46) 
Ni(111) 0.44 (0.48) -0.68 (-0.48) 3.9×107 (1.5×107) 831 (770) 1.51 (1.53) 
Pd(111) 0.68 (0.73) -0.03 (0.18) 1.1×105 (6.4×104) 692 (640) 1.60 (1.64) 
Rh(211) 0.27 (0.31) -0.77 (-0.61) 1.1×1010 (2.8×109) 1338 (1237) 1.38 (1.41) 
Ag(110) 0.94 (1.03) 0.51 (0.64) 3.4×103 (2.6×101) 933 (817) 1.63 (1.77) 
Ir(111) 0.32 (0.39) 0.09 (0.29) 2.8×108 (5.1×108) 842 (747) 1.48 (1.51) 
Pt(111) 0.48 (0.57) 0.40 (0.58) 3.1×106 (3.2×105) 268 (217) 1.68 (1.73) 







Figure 1. Top (T), Bridge (B), Hexagonal Closed-packed (hcp) Hollow (H), Face-centered 
Cubic (fcc) Hollow (F), Three-fold Cavity (C3), Four-fold Cavity (C4), Top on a Step (TS), and 
Bridge on a Step (BS) Adsorption Sites on the (110), (111) and (211) Miller Index Surfaces of an 
fcc Metal. Light Grey, Dark Blue, Light Blue, Dark Grey, Pink, and Yellow Spheres Denote 
Atoms From the First, Second, Third, Fourth, Fifth, and Sixth Atomic Layers in the Direction 
Perpendicular to the Plane of the Paper, Respectively. The Solid Lines Show the Edges of the 







Figure 2. TPSS (Black) and PW91 (Red) Activation Energy Barriers (𝐸!"#! , eV) Versus Co-
adsorption Energies (𝐸!"#$%! , eV) of the Products of the Reaction ROH* + * → RO* + H* (R= 
CH3, CH3CH2 or H) on Several Metallic Surfaces. W, M, and E Stand for Water, Methanol, and 
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